Several general approaches have been taken in the search for a means of prevention of dental caries. One is to render enamel surfaces more resistant to attack by acidogenic bacteria, and another is to control the plaque-forming ability of cariogenic bacterial strains (21) .
Plaque formation has been shown to depend upon the presence in the oral cavity of certain strains of streptococci which are able to synthesize extracellular polysaccharides (9, 14) from dietary sucrose (3, 30) . These polysaccharides, dextran and levan, confer upon these bacteria the ability to adhere to smooth enamel surfaces. Dextran seems especially important in plaque formation, as dextranase will cause disintegration of plaque deposits (10, 11) . Levan is more soluble and can'be used as an energy source by bacteria (29) . Extracellular polysaccharides are synthesized by the enzymes dextransucrase and levansucrase (8) , which are produced constitutively (4, 7, 17) and are apparently present on or near the bacterial cell surface.
The possibility that dental caries may be con- ' Taken from a thesis submitted by G. A. Olson to the Graduate School, University of Florida, in partial fulfillment of the requirements for the M.S. degree.
trolled by vaccination has been entertained in recent years (28) . Wagner (M. Wagner, Ph.D. thesis, Purdue Univ., Lafayette, Ind., 1966) reported a decrease in caries activity in gnotobiotic rats immunized with Streptococcus faecalis, accompanied by the appearance of serum and salivary agglutination activity. Bowen (1) reported a decreased incidence of caries in monkeys vaccinated with a cariogenic streptococcus.
Such studies provide clinical evidence that immunization may inhibit caries activity, but they yield little information about the mechanism of such protection. This study was undertaken in an attempt to induce secretory antibody response in rabbits inoculated directly in the submandibular salivary glands with a cariogenic strain of streptococcus. Though no antibody activity was subsequently detected in saliva, serum was found to contain antibody activity, as measured by the standard agglutination assay and by a newly developed assay, adherence inhibition. This paper deals primarily with the development of this assay and some of its potential applications. The adherence inhibition assay was developed as a means of demonstrating the ability of immune serum to inhibit bacterial adherence to glass. Jordan and Keyes (18) and Gibbons et al. (15) first suggested the use of smooth surfaces (teeth, acrylic, porcelain, glass, steel wires) as an assay for plaque-forming potential of cariesconducive streptococci. Gibbons and Nygaard (17) reported the use of glass to study the adhesive characteristics of plaque-forming streptococci. McCabe et al. (22) perfected an in vitro assay in which cariogenic strains were allowed to grow for 2 weeks on nichrome steel wire suspended in a broth containing sucrose. White and Newell (Bacteriol. Proc., p. 84, 1971) and Genco (13) were centrifuged, washed three times in 0.9%7 saline, and suspended in 100 ml of 0.6%o Formalin-0.9% saline for 24 hr at room temperature. They were again washed three times by centrifugation in 0.9% saline and diluted to a concentration having an optical density reading of 0.72 at a wavelength of 540 nm and a light path of 1 cm in a Beckman DU-2 spectrophotometer. A second preparation of S. mutanis 6715 was grown and treated identically except for the addition of 2% (w/v) sucrose to the tryptic soy medium.
Each bacterial preparation was inoculated into one of two groups of 11 adult male New Zealand White rabbits. Eight in each group received 0.1 ml in each submandibular salivary gland (in an attempt to stimulate secretory antibody production), and three received 0.2 ml subcutaneously in a single site 5 cm posterior to the glands. Each rabbit was inoculated twice during the first week and once weekly thereafter for 5 weeks, a total of seven inoculations. Rabbits were bled by intracardial puncture. Serum samples were taken from clotted blood and stored at -20 C.
Salivation was stimulated with 1 mg of pilocarpine/ kg (Alcon Laboratories; 1% Isopto Carpine) injected into the marginal ear veins of rabbits restrained in rabbit boxes. Saliva was collected as it dripped from the lower lip. Some saliva samples were obtained by surgical cannulation (Adams; PE 10 tubing) of the submandibular salivary gland ducts. Two drops of 1% sodium azide were added to saliva samples which were then stored at -20 C.
Adherence inhibition assay. Tryptic soy broth was prepared at four times the standard concentration and autoclaved. Control tubes without sucrose for evaluation of bacterial adherence to glass in the presence of sucrose were prepared by aseptically pipetting 0.25 ml of this broth into sterile disposable glass culture tubes (Kimble; 13 by 100 mm) containing 0.75 ml of 0.9%/70 saline.
The concentrated broth was enriched with an equal volume of filtered (Millipore Corp.; 0.45 ,m pore size) 4% sucrose. Samples (0.5 ml) of this mixture were pipetted into sterile tubes. After filtration, 0.5 ml of serum diluted in 0.9% saline was added, bringing the total volume to 1 ml. Thus, tubes contained tryptic soy broth at its recommended concentration and 1 % sucrose (when present).
A 0.1-ml amount of a bacterial culture incubated for 24 hr was diluted in 5 ml of tryptic soy broth. Each tube was inoculated with 0.05 ml of this diluted bacterial suspension and incubated anaerobically under a hydrogen-carbon dioxide gas mixture (BBL, Gas Pak) for 12 hr (for reasons explained below). Tubes were incubated at 37 C while positioned at a 300 angle from the horizontal to increase the surface area for bacterial adherence.
Bacteria which did not adhere to the glass walls of the tubes were removed by pouring off the media and gently washing the tube four times with 0.5-ml volumes of 0.9% saline. The washes containing nonadhered bacteria were pooled, centrifuged, and washed once in saline. Amounts of 2 ml of 0.5 N sodium hydroxide were added both to tubes containing adhered bacteria and to tubes containing nonadhered bacteria to disperse them into a suspension (6) .
Turbidity of the suspensions was measured at a wavelength of 540 nm. Optical density was shown to increase in a linear relationship to bacterial concentration in conformity with the Beer-Lambert equation up to an optical density reading of 0.9 ( Fig. 1) . Those occasional readings between 0.9 and 1.1 were corrected to account for nonlinearity prior to titer determination.
The titer was defined as the reciprocal of the serum dilution at which 50%t, of the bacteria were adherent termined by plotting (on paper ruled for probability calculation) the per cent bacterial adherence as a function of the serum dilution (Fig. 3) . The intercept of the curve at the 50% adherence point indicated the serum titer. Some titers (below 4) were estimated by extrapolating to the 50%0 adherence point. Titers calculated as less than 2 were designated as negative.
To determine whether the assay was dependent on time of incubation, a serum sample at a dilution higher than its defined titer was incubated for various lengths of time. At low bacterial concentration, adherence inhibition was higher than expected, but at high bacterial concentration adherence inhibition conformed to its previously observed activity (Fig. 4) . allowed bacterial concentrations to increase beyond the point where titers were significantly influenced by time.
Bacterial agglutination assay (19) . Bacteria used in the assay were taken from tryptic soy broth (Difco) cultures incubated no longer than 24 hr, washed three times, and diluted in 0.9% saline to a concentration having an optical density of 0.72 in a 1-cm light path at 540 nm. Serial dilutions were made of the serum samples to be tested. Portions (0.05 ml) of the bacterial suspension were added to 0.05 ml of diluted sera in the wells of a glass slide. The slide was gently rotated to mix the reactants, and was observed for 30 min under a microscope for signs of agglutination. The titer was interpreted to be the last serum dilution showing at least 25% agglutination of bacteria.
Immunoglobulin precipitation. An adult male goat, locally termed the Spanish "scrub" variety, was inoculated with partially purified Fc fragments of rabbit immunoglobulin G (IgG), prepared by the method of Porter (26) . The Immunoelectrophoresis (27) and gel diffusion analysis indicated the immunoglobulins to be uncontaminated.
Ammonium sulfate precipitation. A 10-ml sample of normal rabbit serum was added to 5 ml of SAS (20) .
The precipitate was removed by centrifugation, washed twice in 0.33 SAS, and redissolved in 15 ml of distilled water. Final dilutions of precipitate and supernatant fluid contained no more than 0.04 SAS. Rabbit IgG (10 mg/ml) was also diluted in 0.04 SAS. This concentration of ammonium sulfate had no effect on adherence of strain 6715. Per cent adherence was determined at a 1:20 dilution.
Bacterial adsorption. Adsorption studies were undertaken to determine whether bacteria grown with sucrose differed from bacteria grown without sucrose in the ability to remove antibody activity from immune serum. A smooth variant of S. mutanis 6715 was also used as an adsorbent. The two strains were inoculated individually into flasks containing 200 ml of tryptic soy broth and flasks containing 200 ml of tryptic soy broth enriched with 2% (w/v) sucrose. After 24 hr of aerobic incubation at 37 C, the bacteria were centrifuged and washed three times in 0.9% saline. Each preparation was suspended in 100 ml of 0.6% Formalin-0.9% saline for 24 hr at 4 C. The bacteria were centrifuged, and 0.5 ml of a packed-cell volume was used to adsorb 2 ml of immune serum diluted in 2 ml of 0.9%76 saline. After 12 hr of incubation at 4 C, the bacteria were centrifuged and the supernatant serum was titered by the adherence inhibition and bacterial agglutination assays. Dextran adsorption. Two types of dextran, Sephadex G-200 (Pharmacia; 40 to 120 ,m beads) and Dextran 80 (Pharmacia), were used for adsorption of serum. A 1-ml amount of immune serum diluted in I ml of 0.9% saline was incubated with 100 mg of each dextran. After 1 hr of incubation at room temperature and 12 hr at 4 C, the samples were centrifuged and the supernatant serum was diluted for titration by adherence inhibition.
Heterologous bacterial assays. Bacterial strains, listed in Table 8 , were obtained from the Department of Microbiology stock cultures. Titers were determined as with the parent strain of S. mutans 6715. Acid hydrolysis (6) . Samples of bacterial capsules to be acid-hydrolyzed were mixed with concentrated HCl to a final concentration of 2 N HCI and a volume of 10 ml. They were sealed in ampoules and placed in a boiling-water bath for 4 hr. Hydrolysates were then flash-evaporated, dissolved and re-evaporated twice in 4 ml of water, and dissolved in 1 ml of water.
Paper chromatography (23 Tables 1 and 2 . Increases in adherence inhibition titer were greater and more frequent in sera of rabbits inoculated with sucrose-grown bacteria. Increases in agglutination titer were greater and more frequent in sera of rabbits inoculated with streptococci grown in the absence of sucrose. Sera of rabbits receiving bacterial inocula in the submandibular salivary gland had higher mean titers for both assays than sera of rabbits inoculated subcutaneously. Some sera were found to possess activity in one assay but not in the other, indicating that the assays were detecting different antigens; that the sera contained substances, presumably antibodies, differing in activity, but directed against the same antigens; or that a combination of these explanations applied.
Reduction in activities after precipitation with goat anti-rabbit IgG. To determine whether the observed serum activity was dependent on the presence of serum antibody, a hyperimmune serum sample was titered after incubation with goat anti-rabbit IgG. There was a greater than 60%', decrease in adherence inhibition and agglutination activity (Table 3) , indicating both assays to be largely dependent upon immunoglobulin in immune serum. Owing to the relative inaccuracy of the agglutination assay, it was not possible to determine whether its activity was diminished to a greater extent than adherence inhibition.
Adherence inhibition and bacterial agglutination activity of isolated immunoglobulins. The adherence inhibition and bacterial agglutination titers 5.22 mCi/mmole specific activity) was incorporated in the adherence inhibition assay to determine the influence of immune serum on utilization of sucrose by S. mutans 6715. After incubation, the immune serum (adherence inhibition titer = 82) was observed to inhibit adherence whereas the normal serum did not. The bacteria were washed three times in 0.9% saline to remove nonincorporated sucrose, and then were suspended in 0.5 N NaOH. Over 85% of the bacteria-associated radioactivity was solubilized by the NaOH and less than 6% of this radioactivity was lost on dialysis, suggesting that the dextran capsule was solubilized without being extensively hydrolyzed by the treatment.
As shown in Table 7 , more than twice as many counts were incorporated by bacteria grown in normal serum, as compared to immune serum, although optical densities of pooled bacteria were nearly equivalent. No dose-related response was observed in the concentration range of immune serum tested. This was not further investigated.
The high-molecular-weight material was acidhydrolyzed and fractionated by paper chromatography. The dried chromatogram was sectioned and counted in a scintillation spectrometer. The glucose spot on the chromatograms of bacteria grown in both normal and immune rabbit sera accounted for approximately 40 to 45',-c of the total radioactivity and had more than two times the radioactivity of any other spots. Hence, the label was considered to be accounted for predominantly as glucose which presumably had been incorporated into the bacterial dextran capsule.
Adherence capacity of heterologous cariogenic bacteria. Twelve strains of bacteria with varying cariogenic potential were tested for their ability to adhere to glass surfaces in the adherence in- hibition assay (Table 8 ). The assay was found to have potential application with two strains, S. mutans AHT and S. mutans HS6. Three others (S. mutans FA-1, BHT, and CHT) were found to adhere well in sucrose, but were inhibited from adhering by normal rabbit serum. Six strains had very limited capacity for adhering in sucrose alone. Leuconostoc mesenteroides and two noncariogenic streptococci showed no adherence ability whatsoever. Strains FA-1, CHT, and 6715-smooth were further examined to determine whether the nonspecific adherence inhibition was caused by immunoglobulin. Table 9 records the adherence activity of these strains in ammonium sulfate fractions of normal rabbit serum and purified rabbit IgG. Only the normal serum supernatant fluid from the ammonium sulfate fractionation had appreciable inhibition activity.
Cross-reactions of heterologous cariogenic strains with serum of a rabbit immunized with the parent strain of S. mutans 6715 grown without sucrose. Of the two strains amenable to adherence inhibition assay, only strain AHT showed a positive titer. The agglutination assay demonstrated 
